ABSTRACT Millimeter wave (mm-wave) frequencies have been proposed to achieve high capacity in 5G communications. Although meaningful research on the channel characteristics has been performed in the 28-, 38-, and 60-GHz bands in both indoor and short-range scenarios, only a small number of trials (experiments) have been carried out in other mm-wave bands. The objective of this paper is to study the viability and evaluate the performance of the 94-GHz frequency band for MIMO-OFDM transmission in an indoor environment. Starting from a measurement campaign, the performance of MIMO algorithms is studied in terms of throughput for four different antenna configurations.
I. INTRODUCTION
The exploitation of millimeter wave (mm-wave) frequencies for 5G standards has started to gain considerable attention within the wireless industry. There are several reasons for this. Firstly, the amount of mobile traffic data is expected to grow 5000-fold by the year 2030 [1] , which, in turn, will require challenging increases in link capacity and spectrum availability. Both requirements can be met by using advanced transmission techniques such as massive MultipleInput Multiple-Output (MIMO) [2] and also by the extension to the millimeter-wave (mm-wave) bands within the range of 30 -300 GHz. Secondly, the availability of large blocks of spectrum in this range allows for the trading off of spectral efficiency for bandwidth in the early stages of deployment of this technology.
In this context, various frequency bands have been identified as potentially useful for future wireless networks at the World Radio Conference (WRC '15) . Moreover, the first phase of EU's Horizon 2020 5G PPP initiative is investigating the 6 -100 GHz frequencies, including mm-wave frequencies, for 5G's ultra-high data rate mobile broadband, among other applications. While significant studies of the channel characteristics are available in the 28, 38, and 60 GHz bands for indoor and outdoor environments [1] , only a few trials have been conducted in other mm-wave bands for outdoor and outdoor-indoor environments and scenarios with mobility [3] - [8] . However, mm-wave applications need specific considerations, due to the higher frequencies and wider bandwidths compared to existing standards for 4G Long Term Evolution (LTE) and WLAN below 6 GHz.
More specifically, to the best of the authors' knowledge, little research dealing with propagation and channel modeling in the 94 GHz frequency band has been carried out. Reference [9] presents a preliminary design of a 94 GHz E-band phase array antenna, assuming the existent channel characteristics and configurations of the 60 GHz frequency band [10] .
From the point of view of the physical layer (PHY), Orthogonal Frequency Division Multiplexing (OFDM) and MIMO [11] are essential to achieving the throughput and reliability levels projected for 4G and 5G. MIMO techniques have succeeded in increasing the system performance remarkably. Moreover, reliability can be improved by using antenna diversity, that is, by transmitting multiple copies of the same signal across a number of antennas. Space-time block code (STBC) algorithms combine all the copies of the received signal in an optimal way [12] .
Regarding the standardization in mm-wave frequencies, it is worth mentioning the IEEE 802.15.3c for WPAN [13] , wireless HD for uncompressed high-definition video streaming, and ECMA-387 standards. For the case of WLAN, two standards are also found: IEEE802.11ad [14] and WiGig (on which IEEE 802.11ad was based), which stretch WLAN into gigabit capabilities through the 60 GHz spectrum. However, for the 94 GHz band, there is not a defined standard because the feasibility of using this band to transmit data at 5G is being investigated.
The aim of this work is to present an experimental study to analyze the viability of wireless communications at 94 GHz. The performance is analyzed in terms of PHY parameters such as the signal-to-noise ratio (SNR), correlation, and the specifications of the IEEE802.15.3c standard. Furthermore, the throughput of different space-time MIMO/OFDM strategies is evaluated, considering different antenna element configurations.
The paper is organized as follows. Section II describes the experimental setting, while Section III presents the characteristics of the channel matrices with regard to SNR and correlation. Section IV analyzes the throughput results for both vertical and horizontal polarization and, finally, section V presents the main conclusions of this work. 
II. DESCRIPTION OF THE EXPERIMENTAL SETUP A. Scenario
The scenario for the measurements is a laboratory of the Universidad Politécnica de Cartagena as is shown in Fig.1 . The dimensions of the lab are 9.1 × 4.8 × 4.1m, and different cupboards, desks, chairs, and shelves can be found as furniture. The walls are made of plasterboard, and the floor and ceiling are made of concrete. Fig. 2 depicts the measured scenario as well as the 15 transmitting positions. For the measurements, one position is selected for the receiver (assuming an access point) and is marked as Rx in Fig. 2 . For the transmitter, 15 positions are uniformly distributed around the room and marked as 1 to 15. In all the experiments, a line ofsight (LoS) exists.
B. Equipment
The mm-wave channel sounder setup is based on a commercial vector network analyzer, the R&S ZVA 67, and up-converters as was performed previously in [15] . The R&SZVA-Z110E converter (W-band WR-10, 75 to 110 GHz) was used for both the transmitting and the receiving unit. The system was THROUGH calibrated, with the delay and gain of the antennas being included in the measurements. The measured dynamic range for an intermediate frequency of 10 Hz was 107 dB.
The measured frequency range was 92.5 -95.5 GHz, using 1024 frequency points. The Rx has a height of 0.784 m, while Tx has a height of 0.886 m. Both in Tx and Rx, two identical polarimetric omni-directional antennas manufactured by Mi-Wave (WR-10) were selected, with a gain of 2dB and an aperture of 30ř in the vertical plane. In each position, the Tx and Rx antennas are moved virtually using a Uniform Rectangular Array (URA) and a Uniform Linear Array (ULA), respectively. For the ULA, five elements were equally spaced, 1 mm apart (0.4λ at 94 GHz), along the Y direction, while for the URA, measurements were performed over a 6 × 6 uniform rectangular grid with 1 mm spacing along the X and Y directions. Furthermore, two polarization combination measurements were performed, either horizontal Tx and horizontal Rx (HH) or vertical Tx and vertical Rx (VV).
C. CONFIGURATIONS
From the transmitting 6×6 MIMO array, four configurations for the transmitter have been studied, selecting four antennas from the 36 positions. Table 1 shows the four antenna configurations (Conf1, Conf2, Conf3 and Conf4) considered. It shows the orientation of the four chosen Tx antennas, marked with x's. Moreover, the row and column in each configuration have the same orientation that the y and x axes in Fig. 2 , respectively.
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So, Conf1 and Conf2 have vertical and horizontal orientations, respectively, while Conf3 and Conf4 have four antennas forming a square, maximizing and minimizing the distance respectively. For Conf3, the distance is six antenna elements while, for Conf4, it is one antenna element. In the receiver, four of the five antennas have been selected with the same orientation as Conf2. Thereby, four 4 × 4 MIMO combinations are constructed from the 6 × 6 measured positions for each location. 
D. Physical Layer Specifications
We have applied the same parameters as are used in the IEEE 802.15.3c standard [13] since the parameters for the 94GHz band have not yet been defined. Table 2 gathers the physical layer specifications considered in this work. Simulations have been carried out for 16quadrature amplitude modulation (16QAM) and quadrature phase shift keying (QPSK) modulations and 1/2 coding rate. Interpolation has been used to derive the 512 frequency points described in the standard out of the 1024 reference points obtained in the laboratory, with a separation of 5.15 MHz between them. Besides, we simulate different STBC algorithms; specifically, orthogonal STBC (OSTBC) and quasiorthogonal (QSTBC) architectures are analyzed for 4 × 4 MIMO system, whose rates are 1/2 and 1, respectively. Table 3 indicates the physical layer bit rate (R b ) corresponding to each of the modulation and coding (MCS) and STBC schemes used. 
III. CHANNEL CHARACTERIZATION
This section studies different parameters of the channel characterization using both vertical and horizontal polarization. We have used the configurations shown in Table 1 from the 6×6 array both to evaluate the throughput and to evaluate the correlation. However, in the SNR and Rician K factor evaluation we have averaged in each axial distance of the Tx/Rx antennas among the 180 possibilities (6×6×5), since in transmission and reception we use 6×6 uniform Rectangular array (6×6 URA) and Uniform Linear Array of 5 elements, respectively. Section III-A and III-B present the SNR and the Rician K factor, respectively. Lastly, Section III-C shows the transmission mean correlation.
A. SNR
The SNR for both polarizations is shown in Fig. 3 computed as the average among the 512 frequencies. We first calculate the reference Equivalent Isotropically Radiated Power (EIRP ref ) from (1) to ensure that the lowest SNR (maximum distance for VV polarization) is 0 dB in the worst case. The algorithms used need a minimal SNR to function correctly. The noise level has been set at -78.8 dBm following the system model described in [16] .
In (1), SNR min is the minimal SNR, L max_distance_VV is the path loss to the maximum distance for VV polarization, G r is the receiving antenna gain and P n is the noise power.
Then we calculate the SNR existing at each distance by applying (2) , where L is the path loss for each distance. The maximum EIRP according to the IEEE802.15.3c standard is 40 dBm [17] and in our system EIRP ref is equal to 10 dBm, being that such value is valid since it is below the maximum set by the standard.
B. RICIAN K FACTOR
It is also important to show the Rician K factor, extensively used in MIMO systems. If K is high indicates that the channel is more correlated and the capacity will decrease. It is defined as [18] :
which represents the ratio between power of the coherent LOS component and the power of the others scattered mutipath components (MPCs).
In Fig. 4 , the mean of the Rician K parameter in dB, defined in (3), is plotted as a function of the Tx and Rx separation distance for the HH and VV polarizations. Generally speaking, the mean values of the K parameter are small ranging from −2.05 to 4.72 dB and from −1.74 to 6.26 dB for the HH and VV polarizations, respectively. Moreover, the mean of the K parameter tends to decrease as the Tx and Rx separation more pronounced for the VV polarization. To illustrate this effect, solid lines with the Mean Square Error (MSE) approximation have been depicted for both polarizations.
The K parameter values of the VV polarization are in general higher than the HH polarization values. This difference can be explained due to the position of the antennas. Vertical polarization implies omni propagation in the XY plane, while H polarization in the ZX plane. When measuring HH, depending on the difference in the Y dimension, the broadside directions are misaligned, thus leading to a lower K factor. Fig. 5a gives the variation of the mean correlation between the transmitting antenna elements using VV polarization for each antenna configuration and the mean correlation within the four configurations shown in Table 1 . The correlation in reception is not shown because the same antenna configuration is always used. We obtain the correlation coefficients between the four transmitting antennas. Each correlation coefficient (ρ p,q ) between the transmitting antennas p and q for a given frequency f is calculated according the Kronecker model (4) [20] . The mean correlation between the transmitting antenna elements for each frecuency is computed as the average of those coefficient ρ p,q . Finally, the correlation estimation is averaged over frequency bins (average among the 512 frequencies).
C. TRANSMISSION MEAN CORRELATION
with p = q. (4) where E [] indicates the expectation operator and h p (f )and h q (f ) are the pand qcolumns of the channel matrix H(f) for a given frequency f, respectively. The channel matrix H(f) is defined as follows:
Where
T is the column vector that represents the channel response in the frequency domain between the transmitting antenna i and each of the receiving antennas.
It shows that Conf1 has the worst correlation performance, but the rest of the configurations have similar trends to one another. Conf1 is perpendicular to the receiver array (see Table 1 ), so the elements are more correlated since all the energy is transmitted in the end-fire direction. Conf2 achieves the lowest correlation levels in certain distance intervals, for example, from 1.7 to 2.0 m and from 2.89 to 4.38 m. The system is highly correlated. For instance, the mean correlation is above 0.6 in most parts of the link for all of the configurations.
On the other hand, Fig. 5b shows the variation of the mean correlation between the transmitting antenna elements in the case of HH polarization. As in the VV case, a similar trend is observed for all of the configurations up to 4 m. Up to 2.33 m, it is observed that the correlation increases up to 0.9, but according to Fig. 3 the SNR improves for the HH case and exceeds 10 dB at that distance.
Comparing the SNR (Fig. 3 ) and the correlation (Fig. 5) , the correlation has a trend which is proportional to the SNR −both for VV polarization and HH polarization− for 87% and 94% of the distances between Tx and Rx, respectively.
We can verify that the Rician K factor (Fig. 4 ) and the correlation (Fig. 5) also have a trend which is proportional for both VV and HH polarizations.
Finally, the relationship between the channel parameters can be explained as follows: if the K factor is increased, the portion of the Line Of Sight (LOS) signal is increased and the probability to encounter a deep fade decreases. Therefore, the LOS path becomes more significant and the fading is notably reduced. It explains that, usually, the correlation increases when factor K is greater and vice versa. For the same reason, if factor K is increased, the path loss decreases and hence the SNR increases.
IV. EVALUATION OF THE THROUGHPUT
This study focuses on the relation between different transmissions parameters, that is, the throughput, the transmitter configuration (according to Table 1) , and the transmission distance. Furthermore, the throughput is obtained for distances ranging from 1.4 to 5.5 m. First, the Packet Error Rate (PER) is obtained, and using the expression Th = R b (1 − PER), where R b is the physical layer bit rate, we derive the throughput. We apply the Monte Carlo simulations and the statistics are computed from a software tool simulating the link, fully implemented in MATLAB, and by introducing 1000 transmitted packets. This leads to a minimum detectable PER ≤ 10 −3 , which is sufficiently low to compare the efficiency of these MIMO algorithms. To interpret the curves of the throughput that we show in Fig. 6 , it is important to know that the PER depends on the SNR, on the MCS, and, of course, on the characteristics of the channel matrices. Fig. 6 shows the throughput performance corresponding to the MCS1 and MCS4 architectures. We focus on these cases to show the worst and the best cases. The gathered experimental data indicates that the throughput degrades sharply for schemes above MCS4 even at very short distances from the transmitter since it uses a higher-order modulation, and therefore upper schemes are not considered. The SISO case shows the throughput for MCS1, since, for MCS4, it is zero for all the distances. In addition, each MCS is simulated by using both the QSTBC algorithm and the OSTBC, showing the best configurations for each case.
A. PERFORMANCE FOR VV POLARIZATION
As QSTBC is not orthogonal, the chosen configuration of the antennas is very important [21] , especially for the MCS4 case, since it uses a higher-order modulation and the high correlations have a great influence. As already outlined, Conf2 achieves the lowest correlation, offering the best performance. A maximum throughput of 3.08 Gb/s can be obtained using MCS4/QSTBC Conf2 at a distance below 2.87 m. To achieve this, the minimum SNR needed is 4.10 dB (see Table 4 ), since MCS4 uses a 16QAM modulation and up to this distance the mean correlation is 0.8, as shown the Fig. 5a . The maximum throughput achievable in the 2.87 to 3.14 m range is 1.54 Gb/s with MCS4/OSTBC and a minimum SNR of 1.30 dB, as shown in Table 4 . Therefore, we observe that when using OSTBC algorithms, greater distances are achieved with lower SNR without influencing the correlation. The uneven behavior of the system throughput above a distance of 3.14 m does not guarantee a proper service. Nevertheless, in Fig. 3 we can observe that the SNR improves up to a level of 4 dB in the 3.6 -4 m range. Therefore an improvement in throughput is observed in Fig. 6 at those distances.
The 2.87 and 3.14 m distances are the key to the interpretation of these results. The data gathered suggests that this is the maximum distance, regardless of the MCS/MIMO architectures. This is because, as shown in Fig. 3 , the SNR level decreases to 4.3 dB in the 2.87 -3.14 m range and falls below 1 dB for distances greater than 3.14 m, except for the 3.6 -4 m range mentioned before. We note that the SNR has a stronger effect on the throughput than the correlation; for example, in the range of 4.1 -4.4 m the throughput decreases because the SNR decreases in this range, as shown in Fig. 3 . However, Fig. 5a shows that the correlation decreases in this range, which should improve the throughput, but such improvement is not observed.
Finally, according to Fig. 6 , the MCS4/QSTBC configuration performance exceeds that of SISO, considering that it achieves a greater throughput with a lower SNR. Table 4 summarizes, for the best configurations, the maximum distance and the minimum SNR to achieve the throughout, both the vertical (VV) and horizontal (HH) polarization combinations. We note that it is better to use VV polarization than HH polarization. In all the MCS/MIMO architectures studied, the maximum achievable distance is obtained with the VV polarization with a lower level of SNR. This can be explained by the fact that, at both 2.87 and 3.14 m, the SNR is lower when applying HH polarization than when applying VV polarization, as shown in Fig. 3 . Accordingly, in the MCS4 case whose modulation is 16QAM, applying HH polarization does not give the minimum SNR needed to achieve the same distance as that achieved using VV polarization. However, in the MCS1 case whose modulation is QPSK, even when QSTBC algorithms are used, a distance of 2.87 m can be reached both when HH polarization is applied and when VV polarization is applied. Finally, we observe in Table 4 that in the MCS4/QSTBC case using HH polarization, a minimum SNR of 10 dB is required to reach 2.33 m because the correlation is 0.89, as indicated in Fig. 5b. 
B. COMPARING THE POLARIZATIONS: VV AND HH

V. CONCLUSION
To sum up, this work analyzes the experimental SNR and throughput data obtained for certain MCS/MIMO architectures in the 94 GHz band. The data gathered in the study indicates that this environment is highly correlated, with the average correlation exceeding 0.6 in most parts of the link. However, the throughput performance is influenced mainly by the SNR. Two polarization combinations have been simulated: VV polarization and HH polarization. It has been found that it is better to use VV polarization than HH polarization. In all the MCS/MIMO architectures studied, the maximum achievable distance is obtained with the VV polarization with a lower level of SNR. Thus, when using VV polarization and OSTBC algorithms, a distance of 3.14 m is reached, while with HH polarization the maximum distance is 2.87 m, since the experimental SNR is lower using HH polarization. Also, when applying a 4 × 4 QSTBC-MIMO architecture, the throughput is increased by a factor of four with respect to the SISO case. Finally, different antenna configurations have been simulated, noting that the configuration has a large impact on the performance, especially over large distances, in which case the SNR is so low that the throughput is zero. He is also the Lead Researcher in some national projects, and participates actively in the European COST action IC-1004 (Radio Communications for Green Smart Environments). He has authored papers that have appeared in over 60 journals indexed in the JCR, over 100 international conferences, and three book chapters. His research activities are centered on radio-communications, propagation, channel modeling and experimental channel sounding in different frequency band (400MHz to 60GHz), and technologies (GSM, UMTS, LTE, WiFi, WSN, TETRA, mmW, OFDM, MIMO, and cognitive radio). 
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